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The drug rapamycin has beneficial effects in a number of animal models of neurodegeneration and aging including mouse models of Alzheimer's disease. Despite its compelling preclinical record, no clinical trials have tested rapamycin or other mTOR inhibitors in patients with Alzheimer's disease. We argue that such clinical trials should be undertaken.
Alzheimer's disease (AD) and other dementias represent an increasing burden on society worldwide. It is estimated that 5.4 million Americans currently suffer from AD, with one to four family members generally serving as a caregiver for each of these individuals. Unless effective therapies are developed and implemented, this burden will grow as the demographic shift toward older ages continues and is expected to reach 13.8 million affected individuals in the United States by mid-century. Age is the greatest risk factor for AD, with the risk of developing AD estimated to double every 5 years over the age of 65, and the risk of death from AD increasing approximately 700-fold between the ages of 55 and 85 (1) . The growing elderly population combined with the increasing risk of AD with age has led some to predict that AD will "break Medicare" in the United States and the health care economies of many other countries.
Currently, there are no effective treatments available to delay or prevent the onset and progression of AD, despite significant investments in research dollars aimed at developing such therapies. Indeed, more than half of the annual research budget of the National Institute on Aging has been earmarked for research on AD for several years now (2) . Many factors likely contribute to the limited progress toward effective AD therapies, including the still poorly understood molecular mechanisms of disease pathogenesis and the limited ability to predict disease onset at early stages where intervention is likely to be most effective. We speculate that an additional major barrier to progress, possibly the most important, is the lack of attention paid to the role of the aging process itself as a critical factor in AD.
Over the past two decades, research on the biology of aging, referred to as geroscience, has made substantial progress in elucidating the genetic, molecular, and biochemical mechanisms of aging (2) . A small number of "hallmarks of aging," driven by the activity of genes that regulate aging, have been identified that play important and evolutionarily conserved roles in the decline in function and increase in disease associated with old age (3) . By targeting genes that regulate aging and the molecular processes that they represent, researchers have been able to increase life span and delay age-associated decline in every laboratory animal where this has been attempted. In principle, targeting these same processes should also be effective at delaying the onset of specific age-related diseases, including but not limited to AD, and, in some cases, perhaps even reversing specific disease-related pathologies (4) .
We argue here that increased attention should be placed toward understanding which physiological changes of aging contribute to an increased risk of AD and toward clinical testing of interventions that act at the interface of AD and normative aging. Specifically, interventions that are effective at both attenuating normative aging and attenuating disease progression in preclinical models of AD should become a high priority for preclinical discovery and testing. Failure to appreciate the mechanisms that underlie ageassociated changes in brain and organismal physiology is likely to limit the efficacy of any strategy aimed at delaying or preventing AD.
IS RAPAMYCIN A PRECLINICAL CANDIDATE FOR TREATING AD?
The drug rapamycin is currently the most effective and reproducible pharmacological approach for directly targeting the aging process to increase life span and health span in laboratory animals (5). Rapamycin positively impacts most hallmarks of aging, and it has been shown to increase life span in each of the major invertebrate model organisms and in rodents (4) . Rapamycin increases life span by 10 to 30% in multiple strains of mice when started either early or late in life, and when administered continuously (6, 7) , intermittently (8), or transiently (9) . Notably, a single 3-month treatment regimen was recently shown to increase remaining life expectancy of mice by up to 60% (9) . Not only does rapamycin treatment increase life span but it also delays, or even reverses, nearly every age-related disease or decline in function in which it has been tested in mice, rats, and companion dogs, including cancers, cardiac dysfunction, kidney disease, obesity, cognitive decline, periodontal disease, macular degeneration, muscle loss, stem cell function, and immune senescence (10) (11) (12) .
Rapamycin is an inhibitor of the mechanistic target of rapamycin (mTOR), a nutrient and growth factor-responsive kinase. Within cells, rapamycin binds to the FK506 binding protein 12 (FKBP12), and the FKBP12-rapamycin complex inhibits the activity of mTOR complex 1 (mTORC1). There are no confirmed off-target effects of rapamycin, but due to the central role of mTORC1 in regulating growth and metabolism, rapamycin has complex, context-dependent cellular effects including potential inhibition of mRNA translation, induction of autophagy, and altered mitochondrial metabolism (5) . In addition, chronic treatment with rapamycin can indirectly inhibit mTOR complex 2 (mTORC2). These complicated cellular interactions likely contribute to pleiotropic phenotypes associated with rapamycin treatment.
In addition to its robust effects at attenuating normative aging, rapamycin has also been shown to have beneficial effects in several different mouse models of AD that exhibit amyloidosis alone, or amyloidosis plus tauopathy, or primary tauopathy. Indeed, the breadth and depth of positive preclinical data for rapamycin are perhaps greater than for any other potential AD therapy at this time. Such beneficial effects of rapamycin include reducing amyloid- (A) deposition, reducing pathogenic tau phosphorylation and abundance of misfolded tau species including neurofibrillary tangles, restoring cerebral blood flow and cerebromicrovascular density, preserving blood-brain barrier integrity, preventing human tau-induced neuronal loss, and improving cognitive function (13) (14) (15) (16) (17) (18) (19) (20) . Beneficial outcomes have been seen in several different mouse models of AD including 3× transgenic mice, P301S mice, hAPP(J20) mice, transgenic 2576 mice, APP/ PS1 mice, ApoE4 transgenic mice, and a viral vector-based mouse model of AD in which tau P301L is expressed in layer II of the lateral entorhinal cortex of the mouse brain (13) (14) (15) (16) (17) (18) (19) (20) . Improvements after rapamycin treatment have been observed in these animal models when initiated either before the onset of disease symptoms or after symptoms and pathology are already present (17, 19, 21) . In addition to studies with rapamycin, genetic inhibition of mTOR rescued memory deficits, improved cognitive function, and decreased tau and A deposits (22, 23) . The rapamycin derivative temsirolimus also improved spatial learning and memory and prevented apoptosis in the hippocampus of AD mouse models (24) .
Given the large number of studies showing that rapamycin can attenuate both normative aging and AD-like disease in preclinical models, along with the fact that rapamycin is a U.S. Food and Drug Administrationapproved drug with known dosing and side effect profiles, it seems reasonable that rapamycin should be tested in clinical trials for efficacy in AD patients or in patients with mild cognitive impairment (MCI). Yet, to the best of our knowledge, such a clinical trial has not been proposed or initiated nor has there even been an analysis of whether organ transplant patients taking rapamycin are at a reduced risk of AD. A recent search of the National Institutes of Health (NIH) clinical trials database at clinicaltrials.gov shows that the search terms "Alzheimer Disease" (condition or disease) and "rapamycin" (other term) yielded no results.
IS FEAR OF FAILURE THE BARRIER?
Despite compelling preclinical evidence that rapamycin might delay or perhaps even reverse AD progression, and clinical data indicating that rapamycin could be safely used to treat AD, a clinical trial to determine whether rapamycin can slow or reverse AD has not yet been initiated. In an attempt to understand why not, we contacted several colleagues in both academia and industry and posed this question to them. The array of potential reasons we received was both surprising and enlightening. They can be considered in two groups: those that are true for any AD clinical trial and those that are specific for rapamycin.
The former category can be summarized essentially as "fear of failure." Clinical trials are expensive and time consuming; clinical trials for AD may be particularly difficult to interpret, and there is a perception that many AD trials have already failed, resulting in a waste of resources. The unstated implication here seems to be that we should not undertake any new clinical trial for AD unless we know for sure that it is going to be successful. Of course, it is impossible to know whether a properly designed clinical The top part of the figure depicts the involvement of mTOR in key processes common to aging. These hallmarks of aging contribute, in different degrees, to an increased risk for AD and other age-associated neurological diseases, as well as cognitive decline during normative aging. Rapamycin and other pharmacological interventions that attenuate mTOR activity may be beneficial for delaying the progression of AD and other age-associated dementias, as well as for preserving brain function in the healthy elderly.
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trial is going to be successful at the outset of the trial. Thus, subscribing to this line of reasoning means accepting that we should not perform any clinical trials for AD, ensuring no development of new therapies, which is simply not acceptable. NIH funding, congressional mandates for AD research, and foundation funding for AD research all come with the expectation that potential therapies for AD will be developed and that these therapies will be tested when there is a reasonable probability that they could improve the health and well-being of patients. We are by no means arguing that additional resources should not also be put toward basic and preclinical research on AD. Indeed, we feel that the development of predictive biomarkers that are suitable for shorter proof-of-concept clinical trials, in particular, would greatly accelerate testing of potential therapies and should be pursued with vigor. However, the idea that we should forego all clinical trials for AD because past trials have failed is simply not a reasonable proposition and must be rejected.
Related to this is an argument that preclinical studies of AD should not be used to guide clinical development of therapies, in large part because none of the mouse models of AD accurately capture the full spectrum of AD pathologies in patients. By extension, demonstrating efficacy of a drug in a mouse model of AD is, therefore, not strong enough evidence to move forward into clinical testing. Whereas the logic of this reasoning is debatable, it is important to consider the larger body of data for rapamycin. As already discussed, rapamycin and other methods of inhibiting mTORC1 are effective not only in one mouse model of AD but also in each of four different well-established mouse models of AD amyloidopathy, two mouse models of primary tauopathy, and a model of combined AD amyloidopathy and tauopathy (13) (14) (15) (16) (17) (18) (19) (20) (22) (23) (24) . Not only that, but rapamycin blocks or ameliorates the majority of AD-relevant pathologies in mouse models and also restores cognitive function. Further, there is substantial evidence that the mTOR signaling pathway, the target of rapamycin, is perturbed in brain tissue from AD patients as well as in animal models of AD (25) (26) (27) (28) , providing evidence for common biological pathways underpinning rapamycin's efficacy. Perhaps most importantly, mTOR is a central regulator of the greatest risk factor for AD, which is aging itself (Fig. 1) . Inhibition of mTOR by rapamycin effectively delays aging and reverses age-associated functional decline in mice (5) . It appears to ameliorate functional deficits of the aged heart in dogs (29) and improves immune responses in older people (30) .
RAPAMYCIN: AN UNDESERVED BAD REPUTATION?
In addition to the fear of failure described above, there are also several misperceptions that may have limited consideration of rapamycin as a potential clinical intervention for AD. There is no question that side effects have been associated with the use of rapamycin and other mTOR inhibitors in patients, the most common of which include mouth sores (similar to canker sores), an increase in blood lipids, impaired wound healing, gastrointestinal discomfort, and the potential for an increased risk of infection. It is important to keep in mind, however, that these side effects have largely been observed in patients who have received an organ transplant or who are being treated for cancer and who are often simultaneously taking other medications. Moreover, the side effects associated with rapamycin are dose-dependent and reversible; therefore, it should be fairly straightforward to establish safe dosing guidelines for an AD clinical trial, which may include intermittent administration.
There are few data on adverse events associated with rapamycin monotherapy in older individuals. A recent clinical trial reported relatively mild side effects, and no negative impact on the immune system nor changes in blood glucose, insulin secretion, or insulin sensitivity, in healthy 70-to 95-year-old individuals given rapamycin for at least 8 weeks (31) . Another study has also reported mild side effects associated with 6 weeks of treatment of healthy elderly people with the rapamycin-derivative RAD001; this study documented improved, not impaired, immune function (32) . In this study, the most common side effects at the highest dose tested (20 mg/week) were mouth ulcers (17%), headache (17%), fatigue (7.5%), and neutropenia (6%). All side effects were reduced at a lower dose (5 mg/week) that was actually more effective at boosting an immune response to flu vaccine. Granted, the people taking the mTOR inhibitors in these studies were only on the drug for 6 to 16 weeks. However, it is notable that there were no serious adverse events attributed to the treatment in either study, providing evidence that rapamycin is well tolerated as a monotherapy in elderly people.
Even if we take the unlikely worst-case scenario-that the side effects from rapa mycin treatment in AD patients would be comparable to those experienced by organ transplant and cancer patients-a reasoned argument can be made that such side effects would be acceptable if AD disease progression could be attenuated. Whereas some patients are unable or unwilling to endure the side effects, many people tolerate high-dose rapamycin therapy for years with little, if any, discomfort. Indeed, a recent study indicates that less than 5% of patients with lymphangioleiomyomatosis taking rapamycin reported side effects after 1 year of continuous treatment; of those who did report side effects, they were relatively mild, consisting primarily of mouth sores, nausea, and diarrhea (33) . It seems likely that most patients with AD, their caregivers, and family members would tolerate this level of risk and inconvenience for a chance at delaying AD progression.
What about the argument that we do not know the right dose of rapamycin to test in an AD clinical trial. Whereas it is true that we are lacking clinical data on the dose of rapamycin that would be most effective at combating AD (if any dose is), there are abundant clinical data on biological efficacy and side effects of rapamycin and rapamycin derivatives for other indications. Given the long history of rapamycin use to prevent organ transplant rejection, along with the studies in healthy elderly people discussed above (31, 32) , it seems reasonable to consider testing doses of rapamycin used in these different studies.
Although rapamycin concentrations that were efficacious have been demonstrated in the brains of AD mice (17) , there are limited data regarding the efficiency with which rapamycin is able to cross the blood-brain barrier in humans. At least one study has shown that oral delivery of rapamycin led to pharmacologically relevant concentrations of the drug that were detectable in brain tumors in 14 of 14 patients (34) . Thus, rapamycin is clearly able to cross the blood-brain barrier in people to some extent, and some rapamycin derivatives may be even more effective in this regard. Delivery of rapamycin to the brain may be further facilitated by blood-brain barrier breakdown associated with aging (35) . In addition, numerous studies in mice have shown that rapamycin effectively inhibits mTOR signaling in the brain and has substantial effects on brain physiology (13, 17, 20, 36, 37) .
It is possible that rapamycin might only be effective at delaying AD if treatment is started before the disease has progressed to the point of clinical diagnosis. However, at least a subset of preclinical studies reported positive effects of rapamycin in mouse models even after substantial AD-like cognitive deficits and histopathology were present (17, 20) . These observations, combined with the ability of rapamycin to improve function in other tissues, most notably the cardiac and immune systems (29, 32, (38) (39) (40) (41) , raise the possibility that cognitive function could be improved in patients with early-or moderatestage AD even after substantial cognitive decline. Optimally, we would recommend clinical trials for rapamycin efficacy both in patients with MCI who are likely to progress to a diagnosis of AD and in patients recently diagnosed with AD.
Unfortunately, the fact that rapamycin is off-patent and available as a generic medication may have played a major role in the lack of clinical testing for efficacy against AD. Certainly, there is little incentive for large pharmaceutical companies to invest in its development and testing in this context. The lack of a strong profit motive should not preclude testing by the NIH or through federally or privately funded investigators, and it remains unclear why this has not yet happened.
CONCLUSION
Despite robust preclinical evidence that rapamycin may be effective at slowing AD progression, there has not yet been a single clinical trial to test this potentially transforming hypothesis. A number of studies have shown benefits from rapamycin in the context of normative aging and robust protection in a subset of animal models of AD. Rapamycin has been used extensively in the clinic, with well-understood dosing and safety information. Rapamycin and other mTOR inhibitors appear to be well tolerated in elderly subjects, with limited side effects that are reversible, are dose-dependent, and would be acceptable for an AD therapy. We therefore argue strongly for the initiation of clinical trials to test rapamycin as a drug to delay disease progression in AD patients as soon as possible.
